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EFFECT OF AROMATIOS AND SPARL ADVANCE .ON THERMAL EFFICIENCY

By HMitchell Gilberst
SUNMARY

An analysis of experimentzl and theoretical data in—
dicates that critical evaluatlon of fuel performancse,
especially economy, must be made in the engine. Specific
factors, such as the aromnticity of a fuel and the degree
of spark advance of the ergine, may cause the thermal ef-
ficlency to very at gilvea fuel—air ratios. Thermodynamlce
analysis and considoration of combustion time indicate
that thie varilation mey bo coatrary to that expecteld fronm
a knowledge of tlhe chaniuge in heating value wit: change in
fuel composiltion.

Data show that Lheating value 1s, from the aspect of
fuel econcmy, not so laportant an aviation—fuel specifi-
catica as Dbelieved.

The knock ratings of fucls are affected by sparl: ad—
vance. As spark advance rust account for variatiozs in
burnlng time of fuels, 1t is to bPe expected taat, over
the range of fuel—alr ratice, & constant sperlk advance
must penalize some fuels more than others and the same
fuel diversely, depending vpon the magritude of the spari
advance. In instances 1a which the operating fuel-sair
ratio may be easily varied, amdvantages in fuel economy are
obtainable without sacrificing knocx reting by leaning
sirultaneously wilth retarding the spark.

INTRODUCTIOX

The results of a large number of tests of aviation—
grade fuels 1n different enginee have shown that one ef-—
fect of the varlous components in the fuel is an increase
ar decresse iIn the ergline thermal efficlency as determired
by the indicated epecific fuel consumption. In the fuel,
additions of isopropyl ether and such aromatice as benzene,
toluene, ané zylene in varlous amounts and proportions .



lower the indicated specific fuel consumption in rich
pegions. In the combustion—air supply, a decremse in the
nitrogen—oxygen ratio improves the thermal efficlency.

The effect of water injJection with the fuel 1s small under
conditions controlled by knock, but at constant manifold
preseuge vater may lower the thermal efficlency (refer—
ence 1l).

These effects have been noticed, in general, for en-
glne tests run at constant spark mdvance. This spark
advance corresponds to the 2piirum value for the maximum—
power mixture, about 0.085 fuel—alr ratio. The optimum
spark advance 1ls defired as the spark advance which drops
the power from 1/2 to 1 percent below maximum. This
slight retarding of the spark allows greater inlet pres—
sures when knock data are obtairned.

The data presented hercin have been considered pri-
marily from trends that stood out from the errors and the
scatter of enzine data. An apparatus as complex as an
englne obviously cannot be swpected to give idenl experi-—
mental data, but consistent trends may form a dbasis for
analysis, The ultimate wisdom of conducting engine tests
lies in the fact that theoretical considerations are often
contradicted or minimized 1a cctual performance data.

Fuel—consumptlion data are consldered as a function
¢cf fvel—usir ratio. 4 more fundamental cholce than fuel-
air ratlo would be the percent richness or percent lean—
ness based on the correct stolchiometrle mixture for
different fuels. Since the actual englne nust he con—
sldered, however, 1t must-be realized that, in flight, the
floaxibllity of carburetor settings 1s llmited and that,
outside thece narrow limits, & given alr flow brings aboutb
the metering of a definite amount of fuel. This interre—
latiorn of fuel and alr flow in the carburetor makes the
fuel—eair ratio & more practical independent varilable than
the percent richness or percent leanness,

Although the immediate problem 1s only that of the
effect of aromatics on thermal efficiency, oxygen, inert
gases, antt water ere mentioned as parameters affecting
thermal efficiency. Although the manaer in whlch each
parameter influences thermal efficiency is complex, similar
trends indicate that the vurious parameters may simi’arly
influence the mass rate of combustlon. The mass rate of
combustion is the resultant of factors such as tempcra—
ture, pressure, chenical equilibrium, dissoclatlion phenom—-
ena, specific heats, thermnl conductivitles, heat losses,



and kinetic phenomena which govern reaction meéhanisms,
energy distribution, ignition delay, surface effects, and
so forth, - As pointed out by Marvin (reference-2), the
thermal efficiency of an engine cycle will be determined
by the relation between ths effective mass rate of combus—
tlion and the piston position during the time 1ntervael of
unit mass combustlon. As a coneequence, the importance

of controlling the combustion—time—~piston relatlion becomes
evident.

_AROMATIO EFFZCT

As previously stated, aromatic fuels tend to show
definite lowering of the indicated speclific fuel consump—
tion for rich mixtures above 0,08 fuel—ailr ratio. At
mixtures leaner than the thooretically correct valuo, data
at Langley Memorial Aeronautical Laboratory (references 3
and 4) have not been conclusive, but some evidence indi-—
cates that aromatic fueles at lean mixitures give higher in-—
dicated specific fuel consumptlons,.

~Accordlng to the relation

1afc = 2245 (1)

NEc

where

iefc indicated specific fuel consumption, pounds per
. horsepower—hour

n thermal efficlency, percent indicated specifie
fuel consumption

He lover heating valus of fuel, British thermal unit
per pound- :

2645 conversion factor, British thermal unit per horse—
power-hour

fuels of low heating value, such as aromatlic and other
fuele of decreasing hydrogen—carbon ratlos, would give
higher rather than lower indicated specific fuel consump—
tions 1f their thermal efficlencles wers about the same.



Calculations in reference 6 have shown that a 100-
percont aromatic fuel such as benzene, considered from s
percent rich~lean relation, would give only slightly
different and somewhat lower thermal efficiencles than a
paraffinle fuel; these calculations are based on a thermo--
dynanic analysis of an englne cycle with correctlons madse
for varlations 1n speciflc heats of products and reactants
for the Xxind and the extent of dissociation equilibriums,
The data of figure 10 of reference 5 are replotted in
figure 1 of the present paper with thermal efflclency as
a function of fuel—air ratio and an entirely different
plcture results. The aromatlec fuel is shown to give higher
thermel efficlencies than the paraffinic fuel at fuel-ailr
ratios 1n excess of 0.055.

"In figure 1, the hydrogen—carbon ratio E/C has been
introduced as a parsmeter to obtaln a correlation for
actual aromatlcs—paraffin miztures. Irtermediate curves
are shown for 15— and 40-percent aromatic fuels; these
curves were calculated on the assumptlon that, between
pure benzene and pure octane, the thermal efficlencles of
miztures &8 a function of fuel—alr ratio would produce a
famnlly of curves,

In order that the calculated values mnay be comp:red
with observed engine data, the thermal efflclenciles of
figure 1 have been  corrected to a compression ratio of
7.0 by data obbtalned from figure 8 of reference & and are
shown in figure 2. Figure B of reference 5 glves thermal
efficliencies calculated fron tlLermodynamlc analysis as a
function of. compression ratio and mixture ratlio. The
difference betweern the calculated and the observed curves
in flgure 2 represents the actual against the 1deal en—
gine cycle for a real fluld., About three—flfthe the dif-
ference for simllar fuels caz be shown to represent heat
losses (reference 6). The rest of the difference can be
attributed to errors inherent in the thermodynanic analy—
sie, such as lack of equilibrium, unknown dissoclatlons,

. kinetic phenomena, and, mort irvortant, the error in the
assunntlon that combustlion 1s an adlsebatle, comstant—
volume process, Durlng combustlon, the change in heat
quantity 4Q does not equal the change in irnternal energy
4U  but equals AU + AV, in which AW accounts for the
worx done on the moving piston. Hershey and Paton (refer—
ence 6) calculated the extent of AW and found it to vary
from 1/2 percent at rich mixtures to 13 percent at lean
mixtures, The engine heat losses vary similarly; hence,
the wider spread between thes curves 1in flgure 2 at lean
mixtures is somewhat accounted for.



Table I gives data for two fuels tested in the
Lycoming 0-1230 cylinder:

TABLE I
Tuel ): E/C
NACA 11 18,970 | 0.18%7
NACA 11 + 40
percent aromatics 18,362 «145

The aromatic blend coneisted of 20 percent toluene, 15
percent xylene, and 6 percent benzene. Indicated specifilc
fuel consumptlon may be calculated bty substituting in equa—
tion (1) the values for Hg given in table I and the
thermpl efficiencles from the calculated curves 1in figure 2.
These calculated curvee for the two fuels are suporimposed
(f1g. 3) over tho actual dnta for indicated specific fusl
consumptlion obtalned on tho Lycoming cylindor., If the two
curvos for the puaraffinic fuels are assumed to be identi-
cal, the agreement between the solid curves represents the
devliatlon of actual onglinoe data from the thermodynamilc
tnalysis, after the heat losses and improper assumptions
have been eliminated. Thils agreement provides a further
checkk on the effoct of aromatlics. It must be emphasized
that thie data chosen from tests at LMAL for comparison

wlth the calculated data of reference b are not only for
Lyconing 0—~1230 coylinder performance with 40—percent aro—
matic fuels but also for the Wright G—200 cylinder and are
typical whether tosts were run nt constant or at varying
inlet prossure. The agreement 18 good and further indi-
cates the possibility that nromatlc fuels might give slight—
1y highor fuel consumptionz than paraffinic fuels at lean
mizxtures. JFrom the mass of data, the extent of this in-
crease may be from 0O to 3 percent for fuel—air ratios

below 0.07. PFor rich mixtures from adbout 0.08 to 0.12,

the 40—percent aromatioc blczds give greater economy dy 4

to 10 percent.

The significance of t2is inecreased economy in actual
flight can be considered not only from the effects on pay—
load but also from the aspect of carburetlon. With carbu—
roetor settings limited in flexibility, a change of fuel at



some flight stop from one of predominantly paraffinic
nature to, say, & 40-percent blend would result, for a
fixed setting of the crulse jet, in a fuel metering in-
crease of gbout 3 percent. This figure 1s based on the
gquare root of the density ratio of the two fuels because,
for turbulent flow, this relation controls Jet metering.

An ircrease of 3 percent ir 1.3) welght flow would increase
the fuel—alr ratio correspcndingly, but, for high—nower
crulsing, there woulé be no increase in indicated specific
fuel consunmption.

This fact may be seen by examination of figure 3 at
the limits of high—-power crulsing, which might.be betwesen
fuel—air ratios of 0.07 and 0.10, depending on the fuel
knock ratirg and the service. 4Ar increase of 3 percent in
fuel—cir ratio, from 0.070 to 0.072, will have no anppreci—
able effect in the chenge from pararfinic to aromatic fuel.
An increase in fuel—ailr ratio from 0.10 to 0.103 in the
change from a paraffinic to an aromatic fuel will result
ir a possible decrease in indicated specific fuel consump—-
t1lon.

SPASE-~-ADVANCE EFFECTS

Because the theoretical cycle analysis 1s based on
irnstantaneous combustion and, in a real engine, finite
combustbion time affects cycle efficlency, the results of
performance data must be examined from tho aspect of spark
alvanco, The general practice »f running with constant
spark advance set at the opvimum position for maximum power
cixture introduces a retarding influence at fuel—air ratilos
that give 1ncreased combustion times. Under such conditions,
fuol—alr ratios richer and lerner thon 0,08 will have their
rrecsure penks delayed beycud the optimum position of 8° to
12° A4.7.0, with resulting poorer than theoretical econony
but greater knock appreciatlon through low end—gas densi-—
tleso.

Figzure 4 shows the effect of fuel—air ratio on opti-
aun spark alvance for NACA fuel 10 with anéd without aro—
natlcs. The aronatic fusl is seen to burn relatively
faster thaa the paraffinic Tfuel at rich nixtures, glving
gonoe indication-of 1ts slow rate of lancrease in fuel con—
sunption with fuel—sair ratio at constant spark advance.
At lean mixtures, the relatively slower burning for the
aronatic than for the paraffinic fuel is an indication of



posslble poorer economy a%t these mixtures. The lower part
of figure 4 gives the interesting corrodoration of little
difference  between-the two fuels--wvhen optimum spark ad—
vance 1s plotted as a function.of percent richness or
leanness.

) Each fuel was run at constant manifold pressure with .
the epark advance set at tre optimum value for each fuel-—
alr ratio. The results of these tests are compared in
figure 6 with similar tests at constant spark advance

(21° for fuel 10, 22° for fuel 10 plus aromatics). V¥hen
the differences in combustion time are uncompensated for,
the aromatic fuel consumption differs in accordance with
the previous discussion, At optimum spark advance, it is
interesting that the specific fuel consumptions are the
same wlthin the experimental error. The 1lndlcated speciflic
fuel consumptions are much lower, however, than those for
constant spsrk sdvance. This low specific fuel consump—
tion 18 explained on the buasls of properly compensated
combustion time. Tre dlsappearcnce of differences in the
indicated specific fuel consumptions between the two fuels
can be explalned by the greater increase ln power for the
praraffinic than for the aromatic fuel in the change from a
roetarded to an optimunm spark. Of course, it follows that,
in rich mixtures, mixzture ratlo affects the paraffinic

fuel more detrimentally than tke nrometic fuel, This fact
is seen in filgure 4. ERich-mlxture results glven in refer-—
ences 3 and 4 are more proxaounced than those shown herein,
but the trend rather than tke magnitude is considered the
important item in this discussion. The phenomenon, which
warrants further study in the ergline, indicates the offects
of different combustion characteristics of fuels when spark
timing is not optimum. In reference 2, it was pointed out
that, under optimum corditicns, widely varying mess rates
of combustion could give close agreement in cycle efficien—
cles, and the afore—mentioned data might be interpreted ag
experimental corroboration.

The knock appreciation of a fuel with retarded spark
ls indicated in flgure 6. Thse increase in maxlimum per—
misslible indicated mean effoctive pressure betwsen fuel—
alr ratios of 0.07 and 0.12 18 conslderably greater for a
constant spark advance set at the fastest burning mixture,
namely, 21° at about 0.08 fuel—air ratio, than for any
other value of spark advance. The curves for 30° spark
advance represent for fuel—air ratios between 0.05 and
0.13 a too far advancel spark and so reduce the permissi-
ble inlet pressure. At fuel—air ratios leener than 0.05




and richer than 0.13, a spark advance of 30° tends to
become optimum; whereas a spark advance of 31° ig in ef—
fect an excessivly retarded spark. Under such conditilons,
therefore, the higher level of permiesible inlet pressure
obtained with a spark advance of 21° is not accompanied by
a proportionate lncrease in power and the 30° spark ad—
vance enables the fuel to appreciate to a knock rating
equal to that of the 21° spark advance.- Presumably, at
nixtures richer and leaner than those recorded within the
inflacmability range, the 30° knock curve would give betier
performance than the 21° knseck curve. The 40°—spark—=d—
vanco curve ropresents too great a spark advance for all
fuel-—elr ratios tested and neither the permissidble inlet
rressure nor the power attains values as high as those for
the 21° and the 3C° spark advance.

Figure 6{c), waich represents the fuel—consunption
data, further indicates the inportance of spark advance as
a factor in thernal efficiorcy. Although, in the range of
fuel—alr ratios from 0,075 to J3.12, the pernissible power
level is much greater for o spark advance of 21° than for
other values of spark advaznces, the 30° curve gives better
fuel consunption than either the 21° or the 40° curve.

The greatly undercompensating effect of 21° spark advance

ie shown by the fact that, at atout 0,135 fuel—air ratio,
the difference in indicated speciflc fuel consumption is
about 10 percent.

Further tests should be run to investigate the ef-—
fects of varying spark advarce under all types of condi~
tloxm.

CONCIUSIOHS

The results of representative tests at LMAL correlated
with avallable theoretical data indicate the following
concluslons:

1. The practical value of fuel—alr ratio 1n the ckoice
of flight conditions makes the comparlson of fuels on a
fuel—air—ratio basis more important than a comparison on a
percent stoichiometric basis. ITuels of low heating value
may tend to give higher indicated specific fuel consump-
tions when considered stoichiometrically, but aromatic
fuels are seen to improve thermal efflclencles when con-
sidered a3 & function of fuol—alr ratio. JFuels should be



compared on actuval engine performance.and such data will

not contradict theoretical considerantions if there 1s kevnt

clearly in mind the differences betveen the independent
""wvarlabled ueéd In"the interpretation of fthe results.

2. Aromaticeg will increage fuel flow for given carbu-
retor settingd, but thils. increase will be occesioned by no
increase and a possible decrease in specific fuel congump-
tlon as & result of lncreased thermal efficlencies.

3. The rich-mixture knock appreciation is to a con-
siderable extent due to choice of spArk advance. For
cages 1n which requirements of service will not exceed a
certeln percent of the rating obtained with minimum spark
advance, further spark advance will improve engine effi-
ciency to some extent.

Langley Memerial Aeronautical Lgboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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